Triploid breeding is one of the most powerful approaches for improvement of the genus Populus L. Pollination with artificial unreduced (2n) pollen was inefficiency, owing to weak competition of 2n pollen. To induce 2n megaspores and improve the efficiency of triploid production, female buds of Populus pseudo-simonii × Populus nigra 'Zheyin3#' were exposed to high temperature during megasporogenesis. & Results A relationship between megasporogenesis and morphological changes of female buds was established to guide the high-temperature treatments. In the progeny, 146 triploids were obtained and the highest efficiency of triploid production was 66.7%. Both 41°C and 44°C were suitable for megaspore chromosome doubling. Cytological analysis showed that meiotic stages from pachytene to diplotene may be the optimal period for megaspore chromosome doubling at high temperature in the 'Zheyin3#.' Because megasporocytes both in the first meiotic division and the second division were treated, the first meiotic division restitution typed and the second meiotic division restitution typed 2n megaspores could be obtained. & Conclusion Our findings indicated that hybridization with high-temperature-induced 2n megaspores is an ideal approach for triploid production. Offspring with different heterozygosity are valuable for genetic research and breeding programs of Populus.
Introduction
Triploid breeding is one of the most powerful approaches for improvement of the genus Populus L. The first discovered triploid (2n=3x=57) individual of Populus was a giant form of Populus tremula L. from a natural population in Sweden, which was characterized by extremely large leaves and fast growth (Nilsson-Ehle 1936; Müntzing 1936) . Subsequently, triploids were selected or created by breeding in a number of Populus species and exhibited good performance in growth and pulpwood properties (van Buijtenen et al. 1958; Weisgerber et al. 1980; Zhu et al. 1995) . In China, some triploid hybrids of Populus tomentosa Carr. have been widely deployed in the northern provinces including Beijing, Shandong, Hebei, Henan, and Shanxi. Many important cultivars, such as P. × canadensis Moench cv. 'I-214,' P. × euramericana (Dode) Guiner CL. 'Zhonglin-46,' P. × canadensis Moench cv. 'Sacrau 79,' P. × euramericana (Dode) Guiner cv. 'Wuhei-1,' P. × liaohenica, and P. × langfangensis-3 Wang, have been detected as triploids (Zhang et al. 2004 (Zhang et al. , 2005 . These Populus triploids supply a significant amount of materials for the wood industry in China.
Populus triploids can be produced by crossing diploids with triploids or tetraploids (Winton and Einspahr 1970; Harder et al. 1976; Einspahr 1984) or utilization of spontaneous or artificial unreduced (2n) pollen (Johnsson and Eklundh 1940; Seitz 1954; Mashkina et al. 1989; Zhu et al. 1995; Kang et al. 2000b ). However, triploids generate triploid seeds difficultly due to irregular meiosis (Müntzing 1936; Johnsson 1940; Kang et al. 1999; Wang et al. 2010a ). Other limitations for triploid production include a lack of tetraploid parents and weak competition of 2n pollen (Kang and Zhu 1997) . Recently, hybridization with induced 2n eggs was proven as an efficient method for triploid production (Li et al. 2008; Wang et al. 2010b) . Li et al. (2008) successfully induced 2n megaspores by treating Populus alba L. × Populus glandulosa Torr. female buds in the first meiotic division of megasporocytes with colchicine solution. They produced 12 triploid hybrids by crossing the treated female buds with normal diploid male parent, with 16.7% triploid production in the best treatment. Wang et al. (2010b) reported a novel approach for 2n egg induction by colchicine treatment of Populus pseudo-simonii Kitag. × Populus nigra L. 'Zheyin3#' female catkins during embryo sac development, defined as "embryo sac chromosome doubling," resulting in 66.7% triploid production. Although embryo sac chromosome doubling was more efficient for 2n egg production, 2n eggs derived from megaspore chromosome doubling should be more valuable for improvement programs of Populus because it can provide more heterozygous progeny. Thus, improvement of techniques for megaspore chromosome doubling is necessary to increase the efficiency of triploid production.
Colchicine treatment was found to be effective for 2n egg induction in Populus (Li et al. 2008; Wang et al. 2010b ), but procedures are complicated and time-consuming. High temperature has been shown to be effect in inducing polyploid in plants (Randolph 1932; Mashkina et al. 1989; Kang et al. 2000a; Zhang et al. 2002) and animals (Nomura et al. 2004; Yang and Guo 2006) . More importantly, it has some economic and procedural advantages. In this study, high-temperature treatment of Populus 'Zheyin3#' female buds during megasporogenesis was used to investigate the possibility of 2n egg induction and to improve the efficiency of triploid production.
Materials and methods

Plant materials
Floral branches of a female parent P. pseudo-simonii × P. nigra 'Zheyin3#' (2n=2x=38) were collected from a plantation in Tongliao City (Inner Mongolia Autonomous Region, People's Republic of China). Floral branches of a male parent P. × beijingensis W. Y. Hsu (2n=2x=38) were collected at the campus of Beijing Forestry University. The branches were cultured in water to force floral development in a greenhouse (10-20°C).
Cytological observation of megasporogenesis
According to Wang et al. (2010b) , the megasporogenesis of the 'Zheyin3#' is almost complete before pollination. Thus, after the branches were cultured in the greenhouse, three 'Zheyin3#' female flower buds were collected from the branches every 12 h until pollination. After morphological characteristics of the buds were photographically recorded by a stereomicroscope (Olympus SZX12) with an Olympus C5060 Wide Zoom camera, they were fixed in FAA (70% ethanol/acetic acid/40% formaldehyde, 90:5:5) immediately at 4°C for 24 h. Subsequently, ovaries from each fixed bud were embedded with paraffin and sectioned at 8-10 μm. The sections were stained with iron hematoxylin and observed under an Olympus BX51 microscope. The relationship between floral morphological characteristics and female meiotic stage is presented in Table 1 . Subsequently, the ontogeny of the 'Zheyin3#' female buds was subdivided into seven stages corresponding with floral morphological changes and used to guide heat treatments. Female buds at stages II, III, IV, V, and VI in megasporogenesis were selected to conduct treatments. These buds were exposed to 38°C, 41°C, and 44°C for 3 and 5 h, respectively. Untreated buds were defined as the control group. In order to determine the effective meiotic stages for megaspore chromosome doubling, three untreated buds at each morphological stage (stages II-VI) (15 buds total) were fixed with FAA. Ten ovaries randomly selected from each fixed bud (150 ovaries total) were used for statistical analysis. When stigmas of the treated buds were receptive, they were pollinated with fresh pollen of P. × beijingensis. Seeds matured after approximately 30 days cultivation. They were collected and germinated in sterile soil. When the seedlings grew to approximately 5 cm in height, they were transferred into containers with nutritious soil to promote growth. Subsequently, surviving seedlings were transplanted in the field at approximately 30 cm height.
Detection of ploidy level in progeny
Both flow cytometry and somatic chromosome counting were used to detect the ploidy level of offspring. Flow cytometric analysis was conducted according to Galbraith et al. (1983) . Briefly, young leaves of the seedlings were chopped in a modified Galbraith's buffer (45 mM MgCl 2 ·6H 2 O, 20 mM MOPS, 30 mM sodium citrate, 0.5% Triton X-100, 1% PVP-10, pH 7.0) using a sharp razor blade on ice. Subsequently, the nuclear suspension was filtered through a 40-μm nylon mesh to remove large debris. Nuclei were stained with 50 μg mL −1 propidium iodide with RNase at 50 μg mL −1 . After incubation on ice for 30 min in the dark, samples were analyzed with a BD FACSCalibur flow cytometer. A known diploid plant from the progeny was used as a control.
After flow cytometric analysis, ploidy levels of all putative triploid plants were confirmed by somatic chromosome counting. Stem tips were removed from the seedlings and pretreated with a saturated solution of paradichlorobenzene for 4 h at 25°C. Subsequently, the materials were fixed in a fresh Farmer's solution (ethanol/acetic acid, 3:1) for 24 h at 4°C, and then hydrolyzed in 38% HCl/ethanol (1:1) for 25 min at room temperature. After washing in distilled water three times for 15 min, the hydrolyzed materials were squashed in a carbol fuchsin solution. Chromosome counts of at least 20 cells with a well-spread metaphase per seedling were observed using an Olympus BX51 microscope.
Statistical analysis
The data of triploid production efficiency were analyzed using ANOVA to assess for differences among floral stages and temperatures and between durations. When treatments were significantly different, a least significant difference (LSD) multiple comparison test was used for pairwise comparison. Prior to analysis, data of the percent triploid production rate were transformed by the arcsin of the square root of p/100. Pearson's correlation coefficient was calculated between the rate of triploid production and the percentage of certain female meiotic stage. All statistical analyses were performed using the SPSS software (version 18.0).
Results
Flower bud morphogenesis and relationship with female meiotic stage
In the greenhouse, megasporogenesis of the 'Zheyin3#' was initiated 9.5 days after being cultured. More than one meiotic stage was observed in each female bud due to asynchronous The relationship between flower bud morphological characteristics and female meiotic stage was established to guide high-temperature treatments (Table 1 ). The ontogeny of the 'Zheyin3#' female buds was subdivided into seven stages based on a series of morphological changes. Buds at stage I, which were tightly wrapped by bract scales (Fig. 1a) , began to undergo female meiosis and some megasporocytes had been in early leptotene (Fig. 2a) . Stage II buds were characterized by the slight bulge in mid region of buds, corresponding with late leptotene of megasporocytes marked by bouquet-shaped nuclear chromosomes (Fig. 2b) . Stage III was defined when bud bract scales had slightly dehisced but the catkins had not emerged (Fig. 1c) . Most megasporocytes in this stage of buds were in leptotene to diakinesis (Fig. 2a-e) . Stage IV occurred when the bract scales dehisced and the catkins started to emerge (Fig. 1d) , with megasporocytes having the meiotic stages from pachytene to prophase II (Fig. 2c-h) . In buds at stage V, approximately one third of the catkins had emerged from the bract scales (Fig. 1e) , corresponding to most megasporocytes at diakinesis to telophase II (Fig. 2e-k) . Approximately half of the catkins Fig. 2 Megasporogenesis of P. pseudo-simonii × P. nigra 'Zheyin3#' (Bar=10 μm). a Early leptotene; b Late leptotene; c Pachytene; d Diplotene; e Diakinesis; f Metaphase I; g Telophase I; h Prophase II; i Metaphase II; j and k Anaphase II (serial sections); l Tetrad Fig. 3 Ploidy level detection of offspring derived from megaspore chromosome doubling with high temperature in P. pseudo-simonii × P. nigra 'Zheyin3#'. a Somatic chromosome number of triploid (2n=3x=57) (Bar=10 μm); b Flow cytometric detection of nuclei mixture of young leaves from diploid and triploid plants in stage VI buds had emerged outside the bract scales 15.5 days after being cultured (Fig. 1f) , and most megasporocytes were in prophase II to tetrad (Fig. 2h-l) . When approximately two thirds of the catkins emerged outside the bract scales of buds (stage VII, Fig. 1g ), a number of cells had developed into uninucleate embryo sacs.
Triploid production
After female buds of the 'Zheyin3#' were treated with high temperature, bud development was retarded, and the stigmas became dry and brown. Some buds treated with high temperature died, resulting in no seed collection for some treatments. A total of 3,732 seeds were collected from surviving treated and control buds. After seed sowing and transferring of young seedlings, 1,136 seedlings remained in field. All offspring were examined by flow cytometry, and 146 putative triploids were screened. Further somatic chromosome counting showed that all these putative triploids were real triploids (2n=3x=57, Fig. 3a) , which indicated that flow cytometric analysis was a reliable method for ploidy level determination of Populus. All triploids were from the treated groups. No triploids were found in the control group, suggesting that 2n egg formation and fertilization between normal eggs and 2n pollen rarely occur.
The number and efficiency of triploid production in treatments of different stage of buds are presented in Table 2 . According to the data of triploid production efficiency, ANOVA analysis revealed significant difference among the female bud stages (F=3.039, p=0.046) and highly significant difference among the treatment temperatures (F=11.073, p= 0.001). The difference of treatment durations was not significant (F=1.608, p=0.222). Further LSD multiple comparison tests showed that although the difference of triploid production efficiency among stages III, IV, and V buds were not significant, they were all significantly better than stage II buds at α=0.05 level. And the treatments with 41°C and 44°C were significantly better than 38°C, suggesting that both the temperature of 41°C and 44°C were suitable for megaspore chromosome doubling.
3.3 The effective meiotic stages for high-temperature-induced megaspore chromosome doubling
To determine the effective meiotic stages for megaspore chromosome doubling, a total of 1,277 ovules from 15 fixed female buds at different treated stages were analyzed by paraffin sectioning. Table 3 presents a percentage change of different meiotic stages in each flower bud stage for megaspore chromosome doubling. Although each bud stage had asynchronous meiotic development, some meiotic stages were predominant. For example, in stage IV buds, the frequencies of megasporocytes at diplotene and diakinesis stages were 26.52% and 36.28%, respectively, which was higher than other meiotic stages in the same buds.
Pearson's correlation analyses between the percentage of certain meiotic stage and the rate of triploid production in treatments with 41°C for 5 h, which was one of the best conditions for megaspore chromosome doubling, in different female bud stages revealed that the percentage of both pachytene and diplotene were significant positively correlated with the triploid production efficiency (r=0.9329, p=0.0206 and r=0.8837, p=0.0468, respectively, Fig. 4 ). However, it was notable that either the percentage values of pachytene or diplotene cannot match the triploid efficiency. Furthermore, the sum of percentages of pachytene and diplotene stages was also significantly correlated with the efficiency of triploid production (r=0.9240, p=0.0249), suggesting that the period from pachytene and diplotene stages may be the optimal period for megaspore chromosome doubling at high temperature in the 'Zheyin3#.' The first meiotic inhibition is similar to mechanism of the first meiotic division restitution (FDR) of 2n gamete formation, generating FDR typed 2n megaspores. Additionally, we found that the percentages of both pachytene and diplotene were considerably low (5.05%) in the stage V bud, even null in stage VI bud, which did not correspond to the triploid production efficiency, suggesting that some other meiotic stages may be effective for 2n megaspore induction. In stages V and VI buds, a high proportion of megasporocytes were at the second meiotic division (Table 3) , Fig. 4 Pearson's correlation analyses between rate of triploids and percentage of female meiotic stages inferring that meiotic inhibition at the second meiotic division can also form 2n megaspores, which is equal to the mechanism of the second meiotic division restitution (SDR) of 2n gamete formation.
Discussion
In previous studies, high temperature was usually used to induce 2n pollen in plants (Randolph 1932; Mashkina et al. 1989; Kang et al. 2000a; Zhang et al. 2002) . Mashkina et al. (1989) and Kang and Zhu (1997) induced more than 80% 2n pollen with high temperature in Populus. However, the efficiency of triploid production through pollination with induced 2n pollen was low (12.9% at most, published in Kang et al. 2000b ), owing to competition from normal pollen (Kang and Zhu 1997) . In this study, we used hightemperature exposure to induce megaspore chromosome doubling and successfully produced 146 triploid plants of Populus, suggesting high temperature is an efficient agent for 2n egg induction. The highest efficiency of triploid production in the present study was 66.7%, which was much more than the efficiency of pollination with 2n pollen, showing that hybridization with induced 2n megaspores is a more ideal approach for triploid production in Populus.
Colchicine is considered as the most important mitogen for polyploid induction. In polyploid breeding program of Populus, Li et al. (2008) obtained 12 triploids (16.7% highest production rate) through megaspore chromosome doubling with colchicine solution. In the present study, hightemperature treatments exhibited a better result in megaspore chromosome doubling (146 triploids and 66.7% production efficiency), demonstrating that high temperature is more suitable for 2n megaspore induction of Populus than colchicine. However, since the response of female gametophytes to high temperature can vary according to genotype (Wahid et al. 2007) , the temperature range and duration should be adjusted with different genotypes of Populus.
It is important for gamete chromosome doubling to apply the mutagenic agent to cells at a suitable developmental stage. The pachytene stage of meiosis was found to be optimal for colchicine-induced 2n megaspore induction of Populus (Li et al. 2008) . In the present study, the most suitable stage for 2n megaspore induction with high temperature was from pachytene to diplotene. This was slightly later than the optimal stages induced with colchicine, possibly because the diffusion of colchicine solution inside the ovule was slower than the conduction of heat.
In general, tolerance to heat stress varies among different plant organs; ovules are less sensitive to high-temperature stress than pollen (Wahid et al. 2007) . In previous studies, 38°C was most suitable for high-temperature 2n pollen induction in Populus (Mashkina et al. 1989; Kang et al. 2000a ). Excessively high temperature inhibited pollen formation. In this study, although 38°C treatments produced many seeds, triploid production was relatively low. The most suitable temperatures for 2n megaspore production were 41°C to 44°C, which was higher than that for 2n pollen induction. This suggests that megasporocytes have higher tolerance to high temperature than microsporocytes in Populus.
Diploid gametes play important roles in plant evolution. The mechanism of 2n gamete formation was reviewed by Veilleux (1985) and Bretagnolle and Thompson (1995) . The genetic consequences in polyploid progeny vary, depending on the mechanism for 2n gamete formation. Theoretically, FDR typed 2n gametes can transmit approximately 80% parental heterozygosity to the progeny and SDR typed 2n gametes transmit approximately 40% (Mendiburu and Peloquin 1977) . In the study of Li et al. (2008) , all treatments were conducted to megasporocytes during the first meiotic division, resulting in 2n egg formation was similar to the FDR type. The 2n eggs induced in the study of Wang et al. (2010b) should be completely homozygous, owing to their origin in mitotic inhibition. In our study, not only FDR 2n megaspores but also SDR 2n megaspores were produced, which generated offspring with different heterozygosity. These triploid hybrids with different heterozygosity are valuable for genetic research and breeding programs of Populus. Future studies will be necessary to verify the heterozygosity of offspring through molecular analysis.
